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A B S T R A C T
This paper presents an analysis of data from a wind tunnel (Heist et al., 2009) conducted to study dispersion of
emissions from three depressed roadway conﬁgurations; a 6 m deep depressed roadway with vertical sidewalls, a
6 m deep depressed roadway with 30° sloping sidewalls, and a 9m deep depressed roadway with vertical
sidewalls. The width of the road at the bottom of the depression is 36m for all cases. All these conﬁgurations
induce complex ﬂow ﬁelds, increase turbulence levels, and decrease surface concentrations downwind of the
depressed road compared to those of the at-grade conﬁguration. The parameters of ﬂat terrain dispersion models
are modiﬁed to describe concentrations measured downwind of the depressed roadways. In the ﬁrst part of the
paper, a ﬂat terrain model proposed by van Ulden (1978) is adapted. It turns out that this model with increased
initial vertical dispersion and friction velocity is able to explain the observed concentration ﬁeld. The results also
suggest that the vertical concentration proﬁles of all cases under neutral conditions are best explained by a
vertical distribution function with an exponent of 1.3. In the second part of the paper, these modiﬁcations are
incorporated into a model based on the RLINE (Snyder et al., 2013) line-source dispersion model. While this
model can be adapted to yield acceptable estimates of near-surface concentrations (z < 6 m) measured in the
wind tunnel, the Gaussian vertical distribution in RLINE, with an exponent of 2, cannot describe the con-
centration at higher elevations. Our ﬁndings suggest a simple method to account for depressed highways in
models such as RLINE and AERMOD through two parameters that modify vertical plume spread.
1. Introduction
Living and working near major roadways has been associated with
increased risk of respiratory complications, cardiovascular disease, and
other adverse health eﬀects (Health Eﬀects Institute, 2010). Several
conﬁgurations have been suggested to mitigate the near-road impact of
vehicle emissions. These conﬁgurations include depressed and elevated
roadways, and roadways with sound walls and/or vegetation barriers.
A relatively small number of studies have examined dispersion of
emissions from depressed roadways. A notable ﬁeld study was con-
ducted in the Los Angeles Air Basin by the California Department of
Transportation (CalTrans) to collect data to understand dispersion of
primary pollutants emitted from freeways with various conﬁgurations,
including at-grade, depressed, and elevated roads (Bemis et al., 1977).
Air pollutants sampled included CO, reactive and unreactive hydro-
carbons, NOx, O3, SO2, and H2S. Particulate sampling was also con-
ducted to obtain total particulates and lead.
The data from the CalTrans ﬁeld study (Bemis et al., 1977) were
used to develop the depressed road model in the California Line Source
Dispersion Model (CALINE2). CALINE, which is used to estimate air
pollutant concentrations near roadways, accounts for the eﬀects of road
depression by enhancing the initial vertical plume spread relative to
those used for equivalent at-grade sites (Bemis et al., 1977; Benson,
1992).
Feeney et al. (1975) measured aerosols and particulate lead con-
centrations in the vicinity of several road conﬁgurations, including a
depressed roadway. Samplers were placed 20m upwind of a freeway
and at several distances downwind of the freeway ranging from 27m to
approximately 160m from the median strip. They found that the mass
concentrations of traﬃc-derived lead were generally lower downwind
of the depressed roadway relative to that predicted by a dispersion
model that assumed that the emissions occurred at road level.
Heist et al. (2009) conducted a comprehensive wind-tunnel study on
dispersion of emissions from model depressed roadways. The studied
conﬁgurations included a ﬂat roadway, a 6m and a 9m deep depressed
roadway with vertical sidewalls, a 6m deep depressed roadway with
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30° sloping sidewalls, and a 6m deep depressed roadway with 30°
sloping sidewalls with two 6m solid barriers on top of the road. They
observed that all these conﬁgurations alter the ﬂow ﬁeld, increase
downwind dispersion, and reduce downwind surface concentrations
relative to the ﬂat terrain case. The level of reduction in concentrations
depended on the particular conﬁguration.
Baldauf et al. (2013) conducted a ﬁeld study in Las Vegas, Nevada,
to investigate the eﬀects of a depressed roadway on local-scale air
quality downwind of the depression. They measured CO and NOx
concentrations along a complex urban highway at two sections; a sec-
tion at-grade with the surroundings and another section that was de-
pressed. The vertical height from the roadbed to the top of the sur-
roundings was 5m, and the slope of the sidewalls was approximately
2 °0 . The stationary monitors located 20m from the downwind edge of
the freeway at both sections showed that the maximum concentrations
occurred at the at-grade site. However, during some mid- and low-
concentration events, the stationary monitor downwind of the cut
section observed higher concentration levels than that of the at-grade
section. The mobile monitoring data collected along the at-grade and
cut section transects indicated that the concentrations at the at-grade
transect were greater than those at the cut section transect at 35m from
the downwind edge of the freeway, with concentrations then becoming
similar along both gradients further downwind of the highway. They
also conducted a wind tunnel simulation of the study site to examine
the ﬂow ﬁeld and the concentration distributions in the vicinity of the
highway. The wind tunnel simulations revealed that the cut section
reduced concentrations of pollutants measured at breathing-level
height by 15–25% relative to the ﬂat terrain case for receptors located
approximately 20m from the downwind edge of the highway. Although
the ﬁeld data were not conclusive, the data collected under the con-
trolled conditions of the wind tunnel indicated that depressed roadways
led to reductions in downwind near-surface concentrations relative to
those next to at-grade roadways.
Until recently, CALINE3 (and more reﬁned models such as
CAL3QHC and CAL3QHCR) had been recommended by the United
States Environmental Protection Agency (U.S. EPA) to be used to esti-
mate the impact of vehicular emissions on near-road air concentrations.
The situation changed in 2016 when the U.S. EPA replaced CALINE3
with American Meteorological Society/U.S. EPA Regulatory Model
(AERMOD) for Transportation Related Air Quality Analyses (U.S.
Environmental Protection Agency, 2016). However, AERMOD designed
primarily for point, area, and volume-type pollutant sources does not
simulate the line-type sources explicitly; line sources are represented as
elongated area sources or a series of volume sources evenly spaced
along the length of the lines (Heist et al., 2013). AERMOD is also not
currently conﬁgured to model concentrations downwind of roadways
with complex geometries.
In an eﬀort to develop a comprehensive line source dispersion
model, the U.S. EPA formulated the Research LINE source model
(RLINE) (Snyder et al., 2013). The model framework is designed to
facilitate the inclusion of algorithms for complex road geometries,
therefore providing a suitable testbed for potential depressed roadway
approaches. This study provides results that can be used to incorporate
depressed roadways in RLINE.
In this study, we analyze the concentrations and turbulence levels
measured in the wind tunnel study downwind of at-grade and depressed
road conﬁgurations (Heist et al., 2009) to gain insight into the processes
that govern dispersion of pollutants from a depressed highway. Wind
tunnel studies can provide more information on the processes than ﬁeld
studies can because the governing inputs are controlled and details of
the ﬂow ﬁelds can be measured. Although they do have the dis-
advantage of being unable to simulate the eﬀects of atmospheric sta-
bility, they provide information that is vital to the development of
models for situations in which the eﬀects of source geometry on the
ﬂow ﬁeld are dominant. For example, the wind tunnel results (Heist
et al., 2009) on dispersion of pollutants downwind of the roadways with
diﬀerent conﬁgurations have been incorporated into several dispersion
and CFD models (Ahangar et al., 2017; Amini et al., 2017, 2016;
Ghasemian et al., 2017; Hagler et al., 2011; Schulte et al., 2014;
Steﬀens et al., 2014).
Based on the insight from the wind tunnel study, we propose a
method to incorporate the dominant eﬀects of the depressed roadway
into a ﬂat terrain model. These eﬀects are ﬁrst parameterized in a
model proposed by van Ulden (1978) which not only provides a good
description of ground-level concentrations but also the vertical proﬁles
(Nieuwstadt and van Ulden, 1978a; b) measured during the Prairie
Grass experiment (Barad, 1958). We then suggest how our ﬁndings can
be incorporated into a model based on the formulation of RLINE, a
Gaussian dispersion model, with emphasis on near-surface concentra-
tions.
2. Wind tunnel experiments
2.1. Experiment description
Heist et al. (2009) performed an experimental study in the U.S.
EPA's Meteorological Wind Tunnel (Snyder, 1979) to explore the eﬀects
of diﬀerent road conﬁgurations on the dispersion of traﬃc-related
pollutants downwind of roads. The wind tunnel test section is 3.7 m
wide, 2.1m high, and 18.3 m long. A simulated atmospheric boundary
layer was generated using three truncated triangular (Irwin, 1981)
spires mounted near the entrance to the test section. To maintain the
boundary layer, the ﬂoor of the test section downwind of the spires was
covered with roughness blocks. The position of spires and roughness
blocks are shown in Fig. 1. There are no roughness blocks in the
proximity of the line sources where turbulence and concentration
measurements are conducted. The modeled freeway is a six lane divided
highway at 1:150 scale. The width of the modeled freeway is 36m full
scale. The origin of the coordinate system is at the center of the
roadway on the wind tunnel ﬂoor, with the positive x in the stream wise
direction, y along the axis of the roadway, and z vertically upward. The
wind-tunnel study examined twelve roadway conﬁgurations. In this
paper, we focus on three depressed roadway conﬁgurations and com-
pare the results to those of a ﬂat roadway.
The conﬁgurations that were studied in this paper are shown in
Fig. 2. We examine a 6m deep depressed roadway with vertical side-
walls (D690), a 6m deep depressed roadway with °30 angled sidewalls
Fig. 1. Schematic of near roadway wind tunnel setup: a) elevation and b) plan
view.
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(D630), and a 9m deep depressed roadway with vertical sidewalls
(D990). Observations of ﬂow and dispersion for these conﬁgurations
were compared with those from the ﬂat roadway case (FLAT). The
width of the road in all cases is 36m (full scale) and the width of the
opening in D630 case is around 57m (full scale). The letter ‘D’ in a case
name stands for 'Depressed’, the ﬁrst single digit number represents the
depth of the road in meters, and the two-digit number at the end of a
case name denotes the angle between the sidewalls and the roadbed, in
degrees.
Laser Doppler Velocimetry (LDV) was used for all velocity mea-
surements in this study, details of which are described in Heist et al.
(2009). The roughness length z0, the friction velocity ( ∗u ), and the
displacement height (dh) were assessed by ﬁtting the standard loga-
rithmic velocity proﬁle to the near surface measured upwind velocity
proﬁle in the FLAT case at = −x H16.75 :
⎜ ⎟= ⎛
⎝
− ⎞
⎠
∗U z u
κ
z dh
z
( ) ln
0 (1)
where κ is the von Karman constant, taken to be 0.4. The values of ∗u ,
z0, and dh were calculated to be 0.17m/s, 0.10m and 0m, respectively.
The tracer gas used in the study was high-purity ethane (C2H6)
which is only slightly heavier than air. The ﬂow rate of the tracer gas is
1500 cc/min. All samples were drawn through Rosemount Model 400A
hydrocarbon analyzers. The concentrations of ethane were normalized
to give the non-dimensional concentration =χ CU Q L L/( / )r x y , where C
is the concentration (a fraction by volume) with background con-
centration subtracted,Ur is the reference wind speed (equal to 2.46m/s,
measured at a full-scale equivalent height of 30m), Q is the volumetric
eﬄuent rate (1500 cm3/min of ethane), Lx is the alongwind dimension
of the roadway segment (24 cm, 36m full scale), and Ly is the lateral
length of the source segment (48 cm, 72m full scale). In this study, we
focus on concentrations associated with inﬁnitely long line sources. As
explained by Heist et al. (2009), the inﬁnite line source results are
constructed by superposition of concentrations resulted from ﬁve ﬁnite
line segments placed laterally next to each other. Finally, the length
scale, H , used throughout the study is 6m (full scale).
2.2. Experimental results
2.2.1. Impact of road depression on the velocity ﬁeld
The impact of road conﬁgurations on the ﬂow ﬁeld is shown in
Fig. 3. We see that the depressions modify the ﬂow ﬁeld relative to that
of the FLAT case. Roadways with vertical sidewalls (D690 and D990)
create recirculating ﬂow in the depressed regions, with a stronger re-
circulation in the deeper road cut case (D990). The D630 case, with
angled sidewalls, has the least eﬀect on the ﬂow ﬁeld, showing little
evidence of recirculation in the depressed region.
The vertical proﬁles of horizontal velocity in the FLAT case, shown
in Fig. 4, indicate that the horizontal wind speed increases with
downwind distance from the road. This acceleration is caused by the
absence of roughness blocks in the region -16.75H to 44.25H, which
includes the measurement zone. Due to conservation of ethane mass,
the acceleration of the air ﬂow causes a reduction in concentration over
downwind distance that adds to that caused by vertical dispersion.
Because the acceleration of the air ﬂow occurs in all the cases, we as-
sume that the concentration reduction in the depressed roadway cases
compared to the ﬂat case is caused primarily by the eﬀects of the de-
pression.
2.2.2. Impact of road depression on the turbulence ﬁeld
Since the turbulence ﬁeld plays a signiﬁcant role in dispersion of
traﬃc-related emissions (Tong et al., 2015), it is useful to examine the
impact of diﬀerent road conﬁgurations on Turbulent Kinetic Energy
(TKE) values relative to those for the FLAT case. Fig. 5 shows the
downwind variation of the square root of the ratio of TKE of depressed
cases to that of ﬂat terrain at =z H/2. This ﬁgure clearly indicates that
the depression in the road is a source of shear generated turbulence,
which causes the TKE to remain larger than that of ﬂat terrain for the
entire domain. As expected, the TKE of D990 is almost always larger
than that of D690. The TKE in the D630 case exceeds that of D990
beyond =x H20 .
2.2.3. Impact of road depression on the concentration ﬁeld
Concentrations considered in this study are concentrations observed
downwind of the simulated freeways and at the same level with sur-
roundings. For the FLAT, D690, and D990 cases, it corresponds to
concentrations measured at ≥x H3 , and for the D630 case, it corre-
sponds to those at ≥x H4.75 . Fig. 6 shows the variation of surface
concentrations with downwind distance for the diﬀerent cases. The left
panel shows the diﬀerences between the surface concentrations of the
FLAT case and the depressed cases as a function of downwind distance.
The right panel focuses on the diﬀerences in surface concentrations
among the depressed roadway cases close to the road. All the conﬁg-
urations decrease surface concentrations relative to those in the ﬂat
terrain case. The relative concentration reduction is highest for D990
case with the value of 80% very close to the road, =x H3 . As expected,
the surface concentrations in D990 are lower than those in D690. The
surface concentrations downwind of the road in D630 are higher than
those of D990 everywhere except at =x H15 , where the surface con-
centration of D630 case is 95% of that of D990. As expected, the eﬀects
of road conﬁgurations on dispersion of roadway-emitted pollutants
decreases with downwind distance from the edge of the depression. For
example, the surface concentration reduction of D990 relative to ﬂat
terrain at =x H3 is 80%, while that at =x H40 is only 24%. But the
distance over which the concentration approaches the ﬂat terrain case
varies with road conﬁguration. For example, the surface concentration
ratio of D990 to D690 at =x H3 is 0.83, where the eﬀect of conﬁg-
uration is large, while that at =x H40 is 0.95.
3. Framework for the depressed road models
The wind tunnel results show that the depressed roadways 1) induce
complex patterns, which includes recirculation within depressed road-
ways with vertical walls and 2) increase turbulence levels downwind of
the depression relative to the FLAT case. In our modeling approach, we
do not include these eﬀects explicitly, but examine parameterizing
them within the framework of a dispersion model applicable to ﬂat
terrain.
3.1. Modiﬁed van Ulden model
3.1.1. Model development
Our ﬁrst analysis of the experimental results is based on a model
Fig. 2. Elevation view showing cross sections through the diﬀerent roadway
designs studied; a) ﬂat terrain roadway (FLAT), b) 6 m deep depressed roadway
with vertical sidewalls (D690), c) 6m deep depressed roadway with 30° sloping
sidewalls (D630), and d) 9m deep depressed roadway with vertical sidewalls
(D990). The small black rectangles indicate the location of the tracer emission
lines. The width of the road in all cases is 36m. Adapted from Heist et al.
(2009).
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proposed by van Ulden (1978), which has been evaluated with ob-
servations from the Prairie Grass experiment (Barad, 1958). This model,
which is the analytical solution of the eddy diﬀusivity-based mass
conservation equation, expresses the concentration associated with a
point source with strength Q (unit: −g s. 1). We use this model to esti-
mate the concentration associated with an inﬁnitely long line source
with strength q (unit: − −g s m. 1 1), as
⎜ ⎟= ⎛
⎝
−⎛
⎝
⎞
⎠
⎞
⎠
C x z Aq
Uz
Bz
z
( , ) exp
s
(2)
where the value of s depends on stability (Nieuwstadt and van Ulden,
1978b). A and B values are constant and depend only on s (van Ulden,
1978), z is the mass-weighted plume height deﬁned as
∫
∫=
∞
∞z x
zC x z dz
C x z dz
( )
( , )
( , )
0
0 (3)
and U is the mass-weighted plume velocity deﬁned by
∫
∫=
∞
∞U x
U z C x z dz
C x z dz
( )
( ) ( , )
( , )
0
0 (4)
We found that the shape of the observed vertical concentration
proﬁles of all cases at various downwind distances are best reproduced
by =s 1.3. This value of s agrees well with the values reported for
neutral conditions by Nieuwstadt and van Ulden (1978a, b). The
comparison of the observed vertical concentration proﬁles of the FLAT
case with estimates of the formulation with =s 1.3 and =s 2 are shown
in Figure S1 and Figure S2, respectively. Throughout this section, we
assume that =s 1.3 which results in =A 0.8 and =B 0.74. The plume
spread is related to the mean plume height by
=σ f zz z (5)
where fz is also a function of the shape factor with the value of =f 1.34z
for =s 1.3 (Venkatram, 2004). The growth of z with x is given by the
equation derived by van Ulden (1978):
=dz
dx
K qz
U qz qz
( )
( ) (6)
Fig. 3. Observed mean velocity vectors for a) FLAT, b) D690, c) D630, and d) D990 cases.
Fig. 4. Observed vertical proﬁles of horizontal velocity at multiple downwind
locations in FLAT case. The air speed increases as air travels downwind.
Fig. 5. Gradient of square root of observed TKE values of a) D690, b) D630, and
c) D990 cases, normalized by the corresponding values observed at ﬂat terrain
case.
S. Amini et al. Atmospheric Environment 186 (2018) 189–197
192
where K z( ) is the eddy diﬀusivity and =q 1.54 when =s 1.3.
Following van Ulden (1978), we assume that the wind speed,U z( ),
can be written by a power law.
⎜ ⎟= ⎛
⎝
⎞
⎠
U z U z
z
( ) r
r
p
(7)
where =U m s2.46 /r is the reference velocity at the reference height
=z m30r (full scale) above the wind tunnel ﬂoor. We obtain the value
of p by ﬁtting equation (7) to the vertical proﬁles of wind speed in the
wind tunnel. As discussed in section 2.2.1, the absence of roughness
blocks results in change in the shape of the vertical proﬁles of hor-
izontal velocity, which in turn results in p varying over distance. It
turns out that the upwind velocity follows a power law with =p 1/4
and velocity proﬁles at diﬀerent downwind distances follow power law
functions with p ranging from 1/7 to 1/4; p decreases with increasing
downwind distance. We use =p 1/7 for the rest of our analysis. It is
shown that the ﬁnal conclusions of our analysis remain the same if
=p 1/4 (Table S1). However, we should note that the model assumes a
constant p value while the wind tunnel velocity measurements show
that p varies over distance.
By substituting equation 7 into 6 and assuming that the eddy dif-
fusivity corresponds to the neutral expression = ∗K z κu z( ) , where von
Karman constant is =κ 0.4, we can integrate equation (6), assuming
that the initial vertical plume spread is h0,
⎜ ⎟=
⎡
⎣
⎢
+ + ⎛
⎝
⎞
⎠
⎤
⎦
⎥
∗
+ +
z β p
q
κu
U
z x h
f
( 1)
p
r
r
p
z
p p
0
1 1 1
(8)
Although it is not used explicitly in our analysis, we present the
associated equation for the more familiar measure of vertical spread, σz,
as a function of x and h0,
= ⎡
⎣
⎢
+
+ ⎤
⎦
⎥
+
∗ +
+
σ β
p f
q
κu
U
z x h
( 1)
z
z
p
p
r
r
p p
p1
0
1
1
1
(9)
Note that =p 1/7 results in ∼σ xz 7/8 when h0 is small.
We account for the eﬀects of the depressed road through two
parameters: a factor β which multiplies the ﬂat terrain friction velocity
in equation (9) and an initial vertical plume spread h0. The values of
these parameters are obtained by ﬁtting results from the modiﬁed van
Ulden model to the near-surface concentration measurements made in
the wind tunnel. It is important to note that only two parameters are
used to ﬁt entire range of surface and elevated concentrations asso-
ciated with each of the road conﬁgurations.
3.1.2. Estimation of the empirical parameters
Concentrations downwind of the freeway were modeled as the sum
of concentrations due to six individual line sources, the same number of
line sources in the wind tunnel (Heist et al., 2009). For each case, we ﬁt
the near-surface concentrations estimated by the modiﬁed van Ulden
model to those observed in the wind tunnel to obtain the values of the
two parameters, β and h0. The values of these parameters are listed in
Table 1. These values suggest that it is necessary to use an initial ver-
tical dispersion of 1.2m to describe the concentrations for the ﬂat
terrain case. A 6m depressed roadway with straight edges adds 3.7m to
the initial vertical dispersion of ﬂat terrain, while a 9m depressed
roadway with straight edges adds 4.8m. The D630 case adds 2.4 m to
the ﬂat terrain initial vertical dispersion, indicating the smaller role of
turbulent mixing in the presence of sloping walls. This suggests that one
eﬀect of the road depression is to increase the initial vertical dispersion.
This is consistent with the method used in CALINE2 to account for
roadway depression (Benson, 1992).
The second eﬀect of the road depression is an increase of β, which is
interpreted as an increase in the rate of vertical plume spread or tur-
bulence levels. The D690, D630, and D990 cases result in increases of
12%, 37%, and 31% in this rate compared to those of ﬂat terrain, re-
spectively. This is consistent with the results shown in Fig. 5, where
larger values of TKE were observed in depressed cases compared to the
FLAT case. The highest rate for the D630 case is attributed to the ver-
tical velocities induced by the upward slope of the downwind edge of
the depression. Fig. 3 appears to support this hypothesis. It should be
noted that the model does not take into account the impacts of vertical
components of the wind velocity on downwind concentrations. There-
fore, these eﬀects are indirectly included in the empirical parameters of
the model.
3.2. Modiﬁed RLINE based model
3.2.1. Model development
As discussed earlier, one of the objectives of this research is to en-
able the RLINE model to estimate concentrations downwind of the
depressed roadways. In this section we suggest modiﬁcations to the
RLINE model to account for the eﬀects of depressed roads on dispersion.
RLINE (Snyder et al., 2013) is designed for estimating surface con-
centrations close to roadways. It is based on a steady-state Gaussian
formulation and treats a line source as a set of point sources and in-
tegrates over the diﬀerential concentrations at the receptor due to each
point source (Snyder et al., 2013). This model diﬀers from the van
Fig. 6. Measured surface concentration as a function of downwind distance for diﬀerent road conﬁgurations. Left plot includes ﬂat terrain concentrations.
Table 1
Values of empirical parameters of diﬀerent cases that form the σz ex-
pression in the van Ulden model with s= 1.3 and =p 1/7.
Case h m( )0 β
FLAT 1.2 1.00
D690 4.8 1.12
D630 3.6 1.37
D990 5.9 1.31
S. Amini et al. Atmospheric Environment 186 (2018) 189–197
193
Ulden model in two ways: 1) it assumes that the vertical distribution of
concentration is a normal (Gaussian) distribution, and 2) the velocity
proﬁle follows a logarithmic proﬁle (equation (1)).
We estimate near-surface concentrations by modifying RLINE using
the two parameters described in the previous section. The vertical
spread of the plume in RLINE under neutral conditions is modiﬁed as
follows,
= + = ∗σ σ h σ α u
U z
x; 0.57
( )z zF z
2
0
2
F (10)
where σzF is computed using the formulations derived by (Venkatram
et al., 2013) for neutral conditions. As before, we account for the eﬀects
of the depressed road through two parameters: a factor α for increasing
turbulence, and initial vertical dispersion, h0, in the presence of the
road depression. We adjust α and the initial vertical dispersion value for
each case to ﬁnd the best ﬁt to the near-surface measured concentra-
tions.
3.2.2. Estimation of the empirical parameters
Following the procedure in section 3.1.2, the magnitudes of h0 and α
for each case are calculated so that the near-surface concentrations
estimated by the modiﬁed RLINE model are close to the observed values
(Table 2). The enhancements in initial vertical dispersion and friction
velocity of depressed cases in the modiﬁed RLINE follow the same trend
as those in the modiﬁed van Ulden model, although the magnitudes are
diﬀerent in the two models. The diﬀerences in magnitudes are related
to the diﬀerences in the horizontal velocity and concentration proﬁles
used in the two models. While the initial vertical dispersion is calcu-
lated to be m0.4 for the FLAT case, the value of this parameters in-
creases to m4.0 , m3.5 , and m4.8 for the D690, D630, and D990 cases.
As in the application of the modiﬁed van Ulden model, the largest in-
crease in turbulence levels is in the D630 case ( =α 1.87), while the
smallest increase occurs in the D690 case ( =α 1.67).
4. Comparison of the modiﬁed models with observations
After obtaining the empirical values of the two parameters using
surface concentrations, we evaluated the performance of the model in
describing concentrations above the surface. Model performance was
characterized using the following statistical parameters: the logarithmic
mean of the ratios of the observed concentration to the estimated
concentration, mg , the logarithmic standard deviation of the ratios, sg,
the fraction of estimated concentrations that lie between 0.5 and 2
times the observed concentrations (fac2), the correlation coeﬃcient (r2)
(Venkatram and Horst, 2006), and normalized mean square error
(NMSE) (Chang and Hanna, 2004).
4.1. Modiﬁed van Ulden model
The performance of the model to explain observed concentrations at
all elevations is shown in Fig. 7. This ﬁgure indicates that the modiﬁed
van Ulden model provides a good description of the concentrations at
all heights measured downwind of the roadway. The model under-
estimates the low values of concentrations in the FLAT case and over-
estimates the low values in the D690 and the D990 cases.
Fig. 8 shows the comparison of model estimates of the concentration
proﬁles for the D690 case with corresponding measurements at several
downwind distances. The good description of the observations provided
by the model reinforces the result that only two parameters are needed
to describe the entire concentration ﬁeld downwind of the depressed
roads.
Fig. 9 compares the variation in the observed vertical concentration
proﬁles of the FLAT and D690 cases at =x H3 with the corresponding
modeled values. The two parameters allow us to capture the diﬀerences
in vertical concentration proﬁles of the diﬀerent cases. The NMSE
corresponding to the FLAT case is 0.05 and that for the D690 case is
0.02.
4.2. Modiﬁed RLINE based model
It turns out (Figure S2 in supplementary material) that estimates
from the Gaussian distribution ( =s 2) in RLINE deviate from observed
concentrations above the surface. Because the height that is relevant to
exposure to pollutant concentrations is about 3m, we compare the
modiﬁed RLINE model predictions with the corresponding concentra-
tions observed below =z m6 using the parameter values listed in
Table 2. Fig. 10 shows that the scatter at x/H=4 (top left panel) is not
small, but the 95% conﬁdence interval ( s~ g2 ) of the ratio of the modeled
to observed concentrations is less than a factor of 1.2 at other down-
wind distances.
Fig. 11 compares the vertical proﬁles estimated from the modiﬁed
RLINE with the measured vertical concentration proﬁles at multiple
downwind distances for the D690 case. Comparing this ﬁgure with
Fig. 8 reinforces the fact that while estimates from modiﬁed RLINE
model are acceptable near ground-level, they do not follow the vertical
proﬁles of the measured concentrations.
5. Discussion
It is informative to compare the relative magnitudes of the mitiga-
tion eﬀects induced by the depressed road with those related to solid
barriers (Heist et al., 2009). We consider a road with one 6m tall
barrier downwind of the road and another with a 6m tall solid barrier
on each side of the road. Fig. 12 shows the ratio of surface concentra-
tions downwind of roads with one (two) noise barrier(s) to those
downwind of the road in the D690 case, where the width of all roads are
H6 and the origin is located at the center of the simulated roads. The
ratio of surface concentrations downwind of two noise barriers to those
of the depressed road ranges from 0.80 to 1.08, while the ratio for the
single downwind solid barrier ranges from 0.96 to 1.15 (Fig. 12). The
6m double noise barrier is more eﬀective than the depressed road close
to the road (up to =x H10 ) because of the strong recirculation zone
behind the downwind solid barrier. The depressed road is more eﬀec-
tive further downwind. The 6m deep depressed road is more eﬀective
than a single 6m downwind solid barrier for most downwind distances.
6. Summary and conclusions
We analyze data from a wind-tunnel study (Heist et al., 2009) to
suggest modiﬁcations to ﬂat terrain dispersion models to account for
the eﬀects of depressed roadways on dispersion. We show that in-
creasing the friction velocity and initial vertical dispersion in a ﬂat
terrain model proposed by van Ulden (1978) captures most of the ef-
fects induced by depressed roadways. We ﬁnd that the van Ulden model
with =s 1.3 provides the best ﬁt to the vertical concentration proﬁles
observed downwind of all roadways under neutral conditions. Similar
modiﬁcations to the RLINE (Snyder et al., 2013) model also provide
good descriptions of near-surface concentrations measured downwind
of the depressed roadway conﬁgurations in the wind tunnel (Heist
et al., 2009).
The friction velocity and initial vertical dispersion used to account
for the eﬀects of the depressed roadway increase with the depth of the
Table 2
Values of empirical parameters of diﬀerent cases that form the σz ex-
pression in RLINE model.
Case h m( )0 α
FLAT 0.4 1.00
D690 4.0 1.67
D630 3.5 1.87
D990 4.8 1.83
S. Amini et al. Atmospheric Environment 186 (2018) 189–197
194
depressed roadway. At this point, we do not have enough data to sug-
gest a general formula to estimate these increases. However, the em-
pirical results from our study are relevant to modeling the eﬀects of
depressed roadways that lie in the range of 6–9m. The concentrations
associated with emissions from these roadways can be estimated by
increasing the friction velocity corresponding to ﬂat terrain by a factor
of 1.8 and using an initial vertical dispersion of about 4m. This work
provides a foundation for future studies that can result in development
Fig. 7. Comparison of the modiﬁed van Ulden model estimates (with s= 1.3 and p=1/7) with observed concentrations for all downwind distances and all heights;
a) FLAT case, b) D690 case, c) D630 case, and d) D990 case.
Fig. 8. Comparison of the vertical concentration proﬁles at multiple downwind locations predicted by the modiﬁed van Ulden model (with s= 1.3 and p=1/4) with
those of the observations (D690 case).
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of a depressed roadway dispersion model formulation.
The width of the opening at the top of the depression and the width
of the roads are not taken into account in the model formulation be-
cause the widths of the roads in all cases were the same. But we expect
that the mitigation eﬀects of depressed roadways decrease as the ratio
of the width to the depth of the depression (W D/ ) becomes large, and
street canyon eﬀects become important when this ratio becomes small
(Berkowicz, 2000; Schulte et al., 2015).
It should be noted that the results reported in this paper might be
functions of atmospheric stability, a topic that is not examined in this
paper. Also, along highway concentrations are not addressed in this
study. However, previous studies have reported that channeling and
eddying eﬀects decrease the rate of pollutant transport out of the de-
pressed zone, causing an increase of along-highway concentrations
(Benson, 1992).
This paper shows that the eﬀects of the complex ﬂow patterns in-
duced by the depressed road on dispersion can be simulated through
simple modiﬁcations to a ﬂat terrain model such as RLINE. This con-
clusion is supported by the empirical results from the Caltrans study
that led to the modiﬁcation in CALINE2 (Benson, 1992). In another
study next to a depressed highway in Las Vegas (Baldauf et al., 2013),
Fig. 9. Performance of the modiﬁed van Ulden model (with s= 1.3 and p= 1/
7) in predicting vertical concentration proﬁles of the FLAT and D690 cases at
x=3H. (Open squares – measured ﬂat terrain, solid circles – measured D690,
dashed line – modeled ﬂat terrain, and solid line – modeled D690).
Fig. 10. Comparison of the modiﬁed RLINE model estimates with observed concentrations below 6m height for x/H=4, 7 (top panels) and x/H=15, 30 (bottom
panels).
Fig. 11. Comparison of the vertical concentration proﬁles at multiple down-
wind locations predicted by the modiﬁed RLINE model with those of the ob-
servations (D690 case). Open circles are the observed values.
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the observed concentrations were described well by assuming that the
initial vertical dispersion of the plume is roughly equal to the depres-
sion of the road, which was approximately 5m at the location of the
measurements.
The major contribution from this study is that the entire con-
centration ﬁeld-surface concentrations and vertical proﬁles-downwind
of a depressed highway can be described through two simple mod-
iﬁcations of a dispersion model designed for ﬂat terrain. The two
parameters corresponding to these modiﬁcations are related to the
geometry of the depression. For example, the height of the initial plume
spread can be modeled using the approach in Schulte et al. (2015) so
that = +h aD b a/( )r0 where a and b are empirical constants, and the
aspect ratio, =a D W/r . This formulation ensures that the initial plume
spread is controlled by the depth, D, whenW is large, and byW when D
is relatively large as in a deep street canyon.
Disclaimer
The views expressed in this article are those of the authors and do
not necessarily represent the views or policies of the U.S.
Environmental Protection Agency. Any mention of trade names, pro-
ducts, or services does not imply an endorsement by the U.S.
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Appendix A. Supplementary data
Supplementary data related to this article can be found at http://dx.
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